PTID Fiks coBy _ »
CRRIEL
REPORT 89-23 GRS

Cold Regions Research &
Engineering Laboratory

E@EU’!’I;,. STATIMENT X
R NCANL A LI TN LY
Approvzz o Putlic releasey

Distnouiog Ualimited . D T [ C

. . FLECTE
Thermal response of downhil! skis MAR1 41290

AD-A219 279



For conversion of Sl metric units to U.S./British customary
units of measuremer.t consult ASTM Standard E380, Metric
Practice Guide, published by the American Society for Test-
ing and Materials, 1916 Race St., Philadelphia, Pa. 19103.




CRREL Report 89-23

December 1989

Thermal! response of downhill skis

Guy C. Warren, Samuel C. Colbeck and Francis E. Kennedy

Prapared for

OFFICE OF THE CHIEF OF ENGINEERS

_ o e
Approved for public release: distribution is unlimited. 90 O 3 1 3 O 6 3
)




UNCLASSIFIED
SECJRITY CLASSIFICAT.ON OF THIS PAGE

Form Approved
REPORT DOCUMENTATION PAGE OMB NO. 0704-0188 =
Exp Dcte: Jun 30, 1986 -
10. REFORT SECURIY CLASSFICATION 18. RESTRICTIVE MARKINGS '
Unclassified
20 S:CURIY CLASSIECATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY CF REFORT
, Approved for public release;
20 DECLASSIFi_ AlON/DOWNGRACING SCHEDULE S o
distribution is unlimited. i
4 PIREFORMING CRGANIZATCN REPCRI NUMBER(S) 5 MONITORING ORGANIZATON REPORT NUMBER(S)
CRREL Report 89-23
&2, NAME OF PERFORIING ORGANIZATON 65 OFFICE SYMBOL 70. NAME OF MONTORING ORGANIZATION .1
U.S. Army Cold Regions Research (f Gpplcabile)
_ and Engineering Laboratory CECRL Otfice of the Chief of Engincers °
&C ADDIRESS (City. State. ard 2iIP Code; 70. ADDRESS (City. State. and ZIP Code) o
72 Lyme Road
Hanover, N.H. 03755-1290 Washington, D.C. 20314-1000
.
8a NAWME OF FUNDING/SPONSORING 8. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT ICENHFICATION NUMBER
ORGANTATION f appicable)
8c ADDRESS {City. State, ond 2i? Ccde; 10 SOURTE OFf FUNDING NUMBLTS
PROGRAM PROJECT TASK WORK UNi ’
ELEMENT NO. NO. 481611 NO. ACCESSICN NO.
02AT24
"1 1iLE (Inclugde Secuniy Ciassncalion)
Thermal Response of Downl ‘11 Skis
2. PERSONAL ATHORS .
Wariei, Guy C., Culbieck, Samuel €. and Keanedy, Francis E. >
L
13a iYPE OF REPTRI 130 :ME COVERED 14 DATE OF REPORI (Year. Month, Day) 15. PAGE COUNNI
FROM 10 December 1989 413 )
6 SUPPLEWENTARY . IOTAT.ON ' .
17 COSAII CODES \8}\‘\§JECT TERMS (Centinue on reverse if necessary and identity by plock number)
FIELD GROUF SUB-GRCUP Friction, Skis \\\
Heat conduction Snow o(E. G -
\ ¢ X olC & Ry
\ 19. ABSIRACT (Continye on reversy: it necessory and identfy by block number) \\
<
""Lnrgc temperature increases were measured in downhill skis. A steady-state temperature was observed at the base, in-
dicating that melting occuts over some pertion of the base. This steady-state temperature increases witi* the ambient \"
temperature and depends mski speed and load, and the type of snow on the surface. Heat was observed to propagate i P
up through the ski in both the field measurements and in a finite element model of a Rossignol DH ski. In that particu- "O .
. . . - . . . . o
lar ski, much hat yropagates along an aluminum platc that connects with the steel edges of the ski. This combination ‘
about doulbles the heat loss from the base and could reduce the thickness of the layer of lubricating meltwater, espe-
ciaily 2t lower temperatures. These large temperature increases provide further evidence of the existence of a layer of }
meltwater that wonid control the friction. The finite element mojvl allows the predictions of material properties and /
geomelry in the desipgn of sliders for snow and iC('ﬁ_{('ng;ﬁ;‘ a5 : /
¢
L]
20 DISTIBULOMN/AVAIABILE ¢ OF ABTIRACT 21.7 3STRACT SECURITY CLASSIFICATION
P URCLASSIFIED/UNLIMIED [Q SAME ASRPT 3 DI USRS Unclassified
220, NANE OF RESFOMGIBLE .NDIVICUAL 226, JELEPHONE (Include Araa Code) 22c. OFRiCE SYMBOL .
Samuel C. Colbeck 036-646-4100 CECRL-RS Ca
CD FORM 1473, 84 MAR 83 APR edition miay e usco unts cxnaustea. SECURITY CLASSIFICATION OF THIS PAGE '

All otheyr eduions are cbsolete.

UNCLASSIFIED




PREFACE

This report was prepared by Guy C. Warren, Graduate Studeat, Thayer School of Engi
neering, Dartmouth College, Dr. Samuel C. Colbeck, Research Geophysicist, Snow and Ice
Brarch, U.S. Aimy Cold Regions Research and Engineering Laboratory, and Francis E. Ken-
nedy, “rofessor of Engineering, Thayer School of Enginecring, Dartmouth College. Funding
forthisresearch was provided by DA Project4B161102AT24, Pliysical Propertics of Snowand Iee.

K.Jones and Dr. J.-C. Tatinclaux of CRREL technically reviewed the manuseript of this re-
port. Tae authors thank Rossignol for providing the DH ski and Salomon for providing the
bindings.

The contents of this report are not tobe used for advertising or promotional purposes. Cita-
tion of brand names does not constitute an official endorsement or approval of the use of such
commercial products.
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NOMENCLATURE

A Constant depending on area, geometry and surface nature of slider
a,5  Contact dimensions
¢ Ratio of area to weight Jf slid-r
f  Frictional force
F, Force analogous to heat conducled into ice
m  Force analogous to heal required to melt surface of ice
F_ Force analogous to heat conducted into slider

-

I Convection coefficient
I Thickness of meltwater film
k' Thermal conductivity
L Latent heat of fusion

N  Load onslider
i Geometrical factor

Q  Rate of heat generation
q  Heat flux
r  Radius of contacts
R Heat flow ratio

T Melting temperature

m
T, Ambienttemperature
t Time
v Velocity

K Thermal diffusivity
p  Coefficient of kinetic friction

M. Energy dissipated by melting
11 Dynamic viscosity of water
p  Density
Subscripts:

i Ice or snow

m  Melting
s Slider
w  Water




Thermal Response of Dewnhill Skis

GUY C. WARREN, SAMUEL C. COLBECK AND FRAICIS E. KENNEDY

INTRODUCTION

The low frict:on of snow and ice has long been
recognized as one of the distinguishing character-
istics of the cold regions. The low frictionis thought
to result from ihe frictional heating produced by
the slider. The heat generated appeais to create a
thinmeltwater layer that provides lubricationand
redu.ces the area of solid-to-solid contact between
ihe snow and the gliding surface of the slider. The
amoeuntof heat generated at the frictional interface
accountes for more than 95% of all the frictional
energy losses, ana is very sensitive to the ambient
conditions. The propagation of this heat from the
frictional interface should depend on both the am-
bient temperature and the thermal characteristics
of the slider. Using both field measurementsand a
finite element model, we will show that the thermal
characteristics of dow~hill skis have a significant
effect on the temperature at the ski base. Other
sliders should have similar responses.

Before we describe the temperature fields i1
skis, we review some of what is aiready known
about snow and ice friction and then look ar some
of the most important work done to date. Then the
results of both field measurements an* finite ele-
went simulations will be given.

Thoughts on kinetic friction

Inaneffortto optimize sliding on snow, itisim-
portantto haveanunderstandingof the dissipative
nature of friction. The coefficient of kinetic friction
isdefined as the ratio of the frictional force fto the
normal force N and is reterred to as Amonton’s
Law. When wo surfaces rub together, the me-
chanical energy loss is dissipeted in a nunber of
formw, including noise and heat. Heatis the dom-
mant mode of dissipation, so 1is rate () is given
approximately by the product of the coefficient of
kinetic friction y, the relative speed v between the

interactive materials, and the normal force N, or
Q=peN =of. (1)

Under some conditions, this heat production
can cause melting of one or both of the materials at
the frictior@linterface; in fact, frictional melting is
of interest fo: a variety of materials, not just snow
and ice. When melting occurs, the resulting Liquid
acts as a lubricant thatreduces the area of solid-to-
solid contactl-etween thetwosarfaces. Thereduc-
tion in friction at the interface is primuartly depen-
dent on the thickness and viscosity of this liquid
layer. According to the theory of Colbeck (1988),
whenanobjectslides over snow, the sliding action
between the slider and the snow canresultin melt-
ing of the snow and the int oduction of a layer of
meltwater that reduces the kinetic friction at the
interface. The meltwater canbe sustained at the in-
terface just by the heat generated from the shear-
ing of the water. Thus, thesliding energy is used in
a precess that minimizes the friction.

There appears to be a number of parameters
thataffect therate of heat generationat the interface.
While the speed is more or less imposed, the fric-
tional force is influenced by a number of parame-
ters, including the ambient temperature, snow
type and the thermal conductivity and surface
characteristics of the slider. Controlled measure-
ments of the interface temperature would provide
atestoftheextent towhich these parameters affect
the thermal response and therefore the sliding re-
sistance of materials on snow.

A review of previous investigations

The idea that a meltwater layer is responsible
for the low friction of snow and ice has not always
beenaccepled. A study of existing theories reveals
that, although a majority of the previous investi-
gators were proponents of the meltwater theory,




one investigator argues that alternative processes
other than meltwaterlubricaticn mightbe respon-
sible for the lowr friction observed. The previous
work is worth looking at in some detail.

Bowden and Huglhes (1939)

This study laid the foundation for much future
work on ski and snow friction. Bowden and
Hughes” investigation was primarily concerned
with the frictional characteristics of ice, although
the results apply, at least qualitatively, to snow as
well. They showed that frictional hzating, not
pressure melting, is the cause of melting of ihe
snow surface. This conclusion is easily demon-
strated by calculating the depression of the melting
temperatare from the applied pressure for either
ice skates or skis. Their calculation, however, was
made under the assumption that t' e entive base of
the ski was in contact with the snow. The real area
of contact has been estimated by Kuroiwa (1977) as
3.8% ofthe apparentareaof contact. If this estimate
is accurate, the ambient snow temperature would
still have to be abave —0.004°C to allow pressure
melting of the snow at the ski/snow interface.
Bowdenand Hughes alsosuggested that pressure
melting could notberesponsible for the low friction
obseived because the static and Kinetic frictional
coefficients differ greatly.

The frictional heat is concentrated at the peints
of contactand, althoughmuchof thisheatis lostby
conduction into the surrounding ice and ski, a
sufficient amount can be retained to cause local
melting of the snow crystals at the contact points.
Thisi- ~lustrated in Figure 1, whichshows a melt-
cap onasnow grain that was removed by us from
a snow surface after a slider passed over it.

Making turther roughcalculations, Bowdenand

Figure 1. Crysml from sHow surfna'
with melt cap (T = —4°C).

Hughes determined that sufficient frictional heat
is generated duting skiing toraise the temperature
of the interface froni =20 to 0°C and that the melt-
water layer thickness at this ambient temperature
is 55pum forareal contact area of 10 mm? They a0
concluded that the extent of melting is dependent
on the ambient temperature. At very low
temperatuares, insufficientheatis genemted tocause
melting and snow exhibits the same frictional
characteristics as other unlubricated materials. One
important point that Bowden and Hughes did not
discussis that, although insufficient heatis gener-
ated to initiate melting at these low temperatures,
theamountof heat generated is far greater because
of the higher friction that exists in the absence of a
thin meltwater layer.

In their study they directly measured the coef-
ficient of kinetic friction by placing a smali slider
on an ice-covered turntabie. When the turntable
was set in motion, they were able to measure the
frictional force by recording the deflection of a
spring. Withthis method, they made the following
qualitative observations: Over a certain range of
loagas, the coefficient of kinetic friction remained
constan®, but at extremely heavy loads, the coetti-
cient of kineiic friction decreased. This was a de-
parture from Amonton’s law but, according to
Bowdenand Hughes, canbe attributed to the thick
meltwater layer. They suggested thatthe presence
of a thick meltwater layer increased the friction,
due to viscous shear and surface tension, but that
the coefficient of kinetic friction was unaffected by
a change in the apparent area of contact. Bowden
and Hughes hypothesized that speed influenced
only the temperature increase of the slider and not
the temperature increase of the snow. They attrib-
uted this to a slider continuously receiving heat
during sliding, while a section of snow only re-
ceived heat while the slider passed over it.

Bowden and Huglies drew some very interest-
ing conclusions about the effect of the thermal con-
ductivity of the slider on the coefficient of kinetic
friction. Themost obvious was thataslider of poor
thermal conductivity would facilitate more melting
because of the greater retention of heat at the fric-
ticnal interface. The effect of thermal conductivity
on melting was thought to be more pronounced at
lower temperatures. In an effort to determine the
amount of melting occurring as a result of frictional
heating, they investigated the electrical conduc-
tivity between the two counter surfaces at tem-
peratures close to 0°C. They discovered that the
electrical conductivity increased as the slider was
set in motion, suggesting the formation of a




continuous meltwater laver. At lower tempera-
tures, thougly, they observed smaller values of the
clectrical conductivity, suggesting that the melt-
water layer was not continuous (i.e., 1nelting c.c-
curred at localized points). Bowden and Hughes
also observed the eftect of waxes on the bases of
skis and found that the substitution of a hydro-
phobic surface for a hydrophilic surface reduced
the kinctic friction. Thismay be attributable toa re-
ductioninsurtace tension, but anexactmechanism
wasnot proposed. Inany case, the resultreaffirmed
the theory of the meltwater layer.

Althoughmost of their conclusions were based
on the interaction between certain materials and
ice, they did a few experiments using snow as the
underlying material. They concluded that the en-
eral behavior was very similar to that observedw on
ice, except that the friction was always higher on
snow. Tls, they remarked, wes ascribable to the
extra mechanical work required to deform the
snow sirface. Although many assumptions were
made in their analysis, the results they obtained
were, at least qualitatively, significant.

Klein (1947)

Klein studied the sliding resistance of aircratt
skis. Although the skis used i his investigation
were considerably l.lrgcr in size and uniu loading
(load/total area), his experimental observations
were almost identical to those of Bowden and
Hughes. Kleinexplained his results in terms of the
meltwater lubrication theory. He suggested that
the layer of water under the skiwas not of uniform
thickness, and that at the front of the ski, which
firstcame into contact with the undisturbed snow,
the surface was dry.

Klein proposed that three ty pes of sliding resis-
tanceexisted at the base of aski:solid frictionat the
frontoftheslider, viscousresistance duetoshearing
of the meltwater layer and surface tension effects.
Each component would depend on the tempera-
ture, snow structure, unit loading and material in
contact with the snow. Klein assumed theexistence
of solid-to-solid friction at the front of the ski
through evidence of wear, which e noticed only
occurred at the front of the ski.

He also made observations of the real area of
contact. Previous values had only heen estimated,
butobservations ot water droplets incontact with
the ski yielded values of 20 and 50% real contact
areas at unit loadings of 1.38x10° Pa (200 1b/ft?)
and 3.45x10° Pa (500 1b/ft?) respectively. If these
values are accuralte, for a pressure of 414x10% Pa
(60 1b/ ) (a comumon value for a skier), a 6% real

contactarcamightbeassumed. Thisis comparable
te the estimate made by Kuroiwa (1977). However,
Klein did not state under what conditions these
observations were made, and the amoeunt of melt-
wateratthe base of the ski depends on the ambient
conditions and the thermal characteristics of the
shider.

Erichsson (1949)

Ericksson described the effects of snow type on
the coefficient of friction of skis and concluded
that the friction decreased as the snow grain size
increased. The real area of contact may have been
sensitive to the grainsize, particularly if the size of
the asperities on the gliding surface of the slider
was compauable to the dimensions of the snow
grains. This result supports the observation that
skis run fuster on snow that had undergone meta-
morphosis (i.c., an increase in grain size). This
grain size eftect is explained by Colbeck (1988) in
terms of the dynainics of the water film.

McConca (1950)

McCanica rejected the theory of meltwater lu-
brication and proposed that the low friction on
snow was attributable to the adsorption of mono-
lavers of water vapor that prevent adhesion, and
thusdecrease the resistance to starting. Thistheory
was proposed as aresultof astudy of the “dry s'ip-
periness” of graphite and magnesiuim. Thes» ma-
terials produce, under pressure, plate-like crystals
during atmospheric exposure that resultin vapor-
filmlubrication during sliding. Although this the -
ory indicated that another form of lubrication
might control the basal friction, McConica agreed
that ski geometry and compuosition, temperature
and condition of the snow, speed and loading af-
fected the sliding resistance.

McConicaemployed the same experimental pro-
cedureas Bowdenand Hughes, but performed his
tests witha greater degree of control over the para-
meters aforementioned. Although the majority of
his conclusions were based on theoretical cal-
culations, the experiments that he conducted did
yield some interesting results. He discovered that
amagnesium (highly conductive) skihad a lower
resistance to sliding than a well-lacquered wood
(poorly conductive) skiat temperatures well below
the melting point of the snow. Further, heat trans-
mission calculations he made showed that the for-
mation of a meltwater layer at these temperatures
was doubtful. He believed this suggested that the
retention of heat at the base of the ski did not in-
fluence the coefficient of kinetic friction and that




the low triction observed must have been due to
some other lubricating mechanism. McConica
predicted that the base of the ski could not be at
any temperature other than the ambient
temperature of the snow when the ski was in
motion. As shown later, this idea is certainly
incorrect and leads us to question his other
conclusions.

McConica’s vapor theory was supported by the
fact that magnesium is a hvdrophilic material,
which would create greater surface tension thana
hydrophobic material (like lacquered wood) in the
presence ot a meltwater layer. In addition, a
comnarisen between magnesium ang aluminum
showed that the magnesium ski had a lower
coefficient of kinetic friction under all conditions
because the film that forms on aluminum is
amorphous and is not susceptible to vapor film
lubrication. These results should be tested further,
especially in view of magnesium’s chemical
reactivity with water. Additional observations by
McConicasuggested thatkinetic friction decreased
asloadincreased, and kinetic frictiondecreased as
speed increased.

Bowden (1953)

Bowwden conducted tests with real snow skis to
determine theeffectof skibase tinish, temperature,
speed and snow hardness on friction. He
determined that as the speed increased, the
cvefficient of friction was reduced because of the
increase in melting. Also, as the temperature
decreased, the coefficier  increased because of the
lack of melting. According to Bowden, a coating of
Teflon on the base of the slider resulted in lower
friction than any waxed base. This, he concluded,
was ascribable to the high hydrophobicity of Teflon.
In tests using waxes as a base material, he tound
that the snow was capable of penetrating the wax
layer, resulting in a higher coefficient of friction
than for the harder Teflon.

Bowden’s study further supported his theory
thatlacalized surface melting, caused by frictional
heating. was respoensible for the low friction of
slidersonsnow. Hisanalysis of the hydrophobicity
of certain materials also explained the extent to
whichsurface tension affected theability oraskito
move forward in “wet” conditions.

Tusuma and Yosida (1969)

The experimental study carried out by Tusima
and Yosida best replicated real skiing conditions.
Most previous experiments slid a ski ona moving
turntable, which allowed the ski to pass over the

samwe seclion of snow for ac indefinite period. This
accumulation of heat in both the ski and the snow
would certainly increase the likelihood of
meltwater formation. In the case of real shiing, the
snow isalwaysrenewed, which limits the extent to
which the snow surface could be heated.
Applying this experimental technique, Tusima
and Yosidadiscovetred that melting began as soon
as forward motion began, but that the rate of
melting reached a constant value with time. They
theorized that the points of contact were at 0°C
afteronly 0.1seconds of forward motion and from
their experiments determined that the water fili
thickness was between 10and 5Cpm. This range of
values of the thickness was lower than those esti-
mated by Bowden and Hughes, possibly because
of the ditferent experimental procedures used.

Evans, Nye and Cheeseman (1976)

Although Evansetal. were primarily interested
in the kinetic friction of ice, they were the first
investigatods to use thermocouples in theiranalysis
of temperature rises associated with frictional
heating involving ice or snow. The measurements
they made enabled them to predict the effect of
slider thermal conductivity on friction. They found
that for a copperslider, between 40 and 60% of the
heat generated at the mnctional intertace was
conducted away through the copper and that this
fraction was apparently independent of the air
temperature between -2 and ~15°C. In addition,
the heat conduction through the slider depended
on the speed.

In determining the coefficient of friction, they
made an analogy between the heat generated and
the frictional force. They defined the total frictional
force at the contact points as

f= Fs+ F+ F (2)

where F_ = force analogous to the heat conducted
into the slider
F, = force analogous to the heat diffused
into the ice
F | = forceanalogoustothe heatrequired to
melt the surface of the ice.

According to Evans et al.

- Ak 5 (T, To) 3)

s v

F

where A = constant that is dependent on the
contact area, geometry and surface
nature of the slider




k= thermal conductivity of the slider

© = NI vy b N v
7,31 null.mb temperature .
0 = ambient temperature of the ice
v = relative speed between the slider and

the ice.

Also, they derived the force analogous to the heat
diffused into the ice as

< g . R

=2k (T =T )b(ajmx o) )

where A = thermal conductivity of the ice

a = length of contact pomts

b = width of contact poings

K = thermal diffusivity.

Putting these two expressions together withi e
1, the coefficient of friction becomes

=TT 174K (T Tb a 05

(5)
eN N(tkp)0s

“Him

whore g orepresents he energy dissipated by
melting.
According to Evans et al, although H,ncreased

with 7 it makes a small contribution to the total

y dmakes a small contribution to the total
friction and could often be neglected. From eq 5,
we see that the coetticient of friction depends on
the thermal conductivity of the slider and the ice,
the area and geometry of the contact points, the
ambient and melting temperature of the ice, the
diffusivity of the ice, the load applied, and the
spreed of the shder. Comparing the values of friction
obtained in their experiments with the values cal-
culated by eq 5, they found that the values agreed
within a factor of two. The discrepancy, they con-
cluded, was attributal.ic to an overestimation of
the real contact area.

Ambach amd Mayr (1981)

Ambach and Mayr were able to determine the
thickness of the meltwater layerby measuring the
capacitance at the slider/snow interface. Their
measurements were made at speeds apnroaching
60 km/hr(approximately 17m/s) and they found
that the thickness of the water layer varied with
speed, snow type, snow and air temperature, and
the pliding ski surface. They concluded that the
meltwater layer in skiing was 5to 10 um thick and
thatits valueincreased with anincreaseinboth the
snow and air temperature, and withan increase in
speed. Indetermining the effectof snow type, they
used packed snow and deep, unpacked snow and

5

found that the meltwaterlayer thickness was great-
er in the deep snow. They suggested that the rea-
son for this was that on normal ski terrain, the
snow surface was bumpy se heat generation was
intermittent. Although Ambach and Mayr did not
know the specific characteristics of the waxes they
applied to the base of their test skis, they discovered
that the meltwater thickness was larger for waxes
whose temperature ranges included the ambient
temperature of their tests. This indicated that an
appropriate waxappeared toincrease the thickness
of the meltwater layer, resulting in a lower cocffi-
cient of kinetic friction.

Oksanen (1983)

Oksanen stedied the friction and adhesion
strength of ice. They measured the coefficients of
both static ana kineiic friction between ice and
several materials as a function of load, speed ar d
temperature. The apparatusused in this study we s
a modified version of a turntable that Keinonen
had used in his study of friction between skis and
SNOW.

Oksanen predicted that at low temperatures
(less than -10°C), th coefficient of kinetic friction
would vary as ol , where v is the relative speed
between the matenaland theice. This he thearized,
was ascribable to the sclt-balancing ot the thin
waterlayer. Accordin:ytoOksanen, if the thickness
of the meltwater layer decreased, the increased
frictional heating would create more water, and if
the meltwater layer thickness increased, the re-
ductioninfrictional heating would cause adropin
temperatureatthe contactbelow the melting point
of the water. So at equilibrium, the temperature at
the contact surface was at the melting point of
water and the heat produced by the friction was
equal to the heat conducied into the two solids. At
highertemperatures (clnse to0°C), Oksanen deter-
mined that his equations reduced to a form that
showed that the friction was dztermined by the
viscous shear and increased as v7'/2, His experi-
mental results concerning the coefficient of kinetic
friction supported his theory to a good approxi-
mation. The discrepancies, he concluded, were
due to the assumption that viscous shearing was
the only component of friction when a meltwater
layer was present.

Akkok, Ettles and Calabrese (1987)

Akkok etal. developed atheory that suggested
that the heat generated at the frictional interface at
—-20°C wassufficient {oraise the temperature of the
interface by 40°C. They contested that this rise in




temperature was not realistic because any water
that formed at the contact points was immediately
removed by the motion orthe slider.In light of this,
they suggested that theinterface could notattaina
value any higher than 0°C and that the friction
must be dependent on the ambient snow temper-
ature. From their analytical model, they also sug-
gested thatthe coefficient of kinetic friction depend-
ed on the load, speed and thermal characteristics
of the slider. In addition, Akkok et al. were able to
predict the thickness T the meltwater layer and
obtained values that were comparatively small.
They predicted a thickness of only a few micro-
..eters, and said that the surface roughness of the
slider prevented any hydrodynamic effects.

Colbeck (1988)

Colbeck developed a theory that predicts the
heat generation by an object sliding on snow, the
thickness of theresulting meltwater layer, and the
effects of temperature, slider thermal conductivity,
speed and snow type on the coefficient of kinetic
friction. This theory was developed to describe the
intermediate values of the meltwater layer
thickness where the viscous effects of the meltwater
film dominate frictional forces arising from solid-
to-colid ploughing or surface :ension forces. From
the mechanisms controlling the [ubricated compo-
nentof friction p_at the melting temperature, Col-
beck found that

=0 ®

where ¢ is the rat:o of area to the weight of the
slider, and /i is the th <kness of the water film. In
addition, Colbeck calculated the square of the
thickness of the water filin to be

h 2T @
Pul

where r = radius of the water film
p,, = density of waterat 0°C
L latent heat of fusion.

According to Colbeck, this implied that even in
fairly icy conditions, the thickness of the meltwater
layer never exceeded about 2 um in snow skiing.
Thediscrepancy between this value and the values
obtained by previous investigators may havebeen
cauced by the different effects of hydrophobicand

hydrophilicsurfaces. His analysis further suggest-
ed that r increased with repeated passes. If this is
true, then from eq 6 and 7, the coefficient of lubri-
cating frictionisreduced asrincreases, as Ericksson
(1949) observed.

Colbeckalso predicted values of the kinetic fric-
tion when theambienttemperature was below the
melting temperature of the snow. It appeared that
the thermal characteristics of the slider and snow
greatly affected thefriction. Atlower teniperatures,
the dry friction co1 .p..nent was larger than the
lubricated comiponentbecause of insufficient melt-
ing. Calculations of the heat generated by .he dry
friction suggested that the front of the slider was
dry overacertain length. Attheend of thisdry por-
tion, the wacer layerincreased.ir thicknesstowar:s
anequilibriumiva'ue. The lengthof the dry section
was de; ‘ndent on the temperature and the slider
material.

Colbeck also concluded that the lubricated fric-
tion increased with »'/2at the melting temperature.
However, at lower temperatures, this component
of friction decreased before increasing with o' /2at
higher speeds. In addition, Colbeck concluded
thatthethickness of the meltwater layer was highly
dependent on the size of the contacts, speed, tem-
perature and iherinal ciidradietisiive of the slider,
butwasindependentof theload applied. Unfortu-
natel y, many assumptions were necessary these
predictions.

Since much of our knowledge of snow and ice
friction is based on theory, it is important to make
measurements that provide direct information
aboutthe processes responsible for the low friction.
Whii. indirect measurements of the meltwater
have been made, direct measurements of thie tem-
perature field have not. Thus, we measured tem-
perawires to examine the heat generationand heat
fiow characteristics of downhill skis. Wealso gen-
crated solutions for the temperature field using
the finite element technique to show that the heat
flow characteristics of downhill skis can be simwu-
lated. This is necessary to show how the corstruc-
tion of skis affects their heat flow ciaracteristics,
and, tiverefore, their frictional behavior.

FIELD STU'DY

Measureme.ia uf £ri temperatures

To test somie of the ideas given above it is very
desirable to neasure the temperature of the actual
contact points between a slider and the snow, but
limitations on thermocouple size and response
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tinies restrict us to measurements of the bulk tem-
perature of the slider. However, if the contact
points are at the melting temperature. as has been
suggested many times. heat flow patterns up
through a ski may indicate the extent of melting at
the frictional interface.

From the previous investigations, the heat gen-
eraied by friction appears to depend on the speed
and thermal characteristics of the slider, the lozd
applied to the slider, the ambient temperature of
the snow and the snow type. Although our ability
to control or even measure these parameters was
rather limited in th~ tests described below, we felt
that more information could be gained from the
higher speeds and natural snow conditions found
inskiingrather thanonalaboratory test track. The
highest speeds attained in these tests were about
18 m/s.

The objective is to measure the temperature
rises in skis attributable to frictional heating. If the
amount of heat generated is measurable, it might
be possible to analyze the effects of various para-
meters on kinetic friction. These parameters in-
cludespeed, load, snow type, a.nbienttemperature,
and slider geometry and thermal conductivity. In
addition, measurements of the temperature
distribution in the ski might help in determining
the materials that would be best at decreasing fric-
aon.

In developing an approach to these measure-
ments, wedecided that thermocouplesinstalled in
a downbhill ski could be used to calculate the fric-
tional heat generated at the base and the ensuing
heat propagation in the ski. The thermocouples
implanted were small so that significant changes
in the structure of the ski could be avoided and so
thatthe timeresponse of the thermocouples would
be short. Two skis were selected for instrumenta-
tion: a Blitz child's skiand a Rossignol DH downhill
racing ski. In the Blitz ski, the thermocouples were
implanted by boring a hole just wide enough for
them to slide into their specified locations. Then
the holes were back-filled with an epoxy resin to
secure the therriocou ples in place, strengthen the
ski and minimize erroneous heat flow effects. The
DH skiwas built at the factory, where the thermo-
couples were installed during construction.

Description of thermocouples
and data acquisition system

It was essential to employ a data acquisition
system that was both durable and portable to
measure the interfacial temperature increases dur-
ing skiing.Inview of this, one of thesmall, computer

AM 32

CR 10 Datalogger Mukiplexar
Switched EX 3 W\Nbl
2H Cu_1 comH
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DPS5 RES
DPé6 CLK
+12V +12V
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Figure 2. Wiring configuration between data logger
and multiplexcr.

controlled dataloggers waschosen. TheCR 10 was
compact enough to be carried by a skier in a back-
pack and rugged encugh to survive the physical
abuse experienced indownhillskiing. Thissystem
consists of an analog-to-digital converter that re-
coives voltage differentials from the the.mocouples
through the wiring panel or the AM 32 multiplexer
board. The multiplexer board was capable of sam-
pling 32 thermocouples and was used when more
than five thermocouples were to be sampied The
wiring between the CR 10 and the multiplexer is
shown in Figure 2.

The programs for controlling the Cr 10 are
givenin Appendix A. Certain keystrokes enabled
the skier tolook atrecorded and real-time temper-
atures. The real-time temperature readout was
convenient for determining when the stationary
ski was in thermal equilibrium. All of the data
were stored in a solid-state storage module that
was small enough to be put into the backpack too.
The storage module was capable of storing 88,000
double accuracy data points, more than enough
storage space, evenonaday when 30 or moreruns
were taken. Including the two 6-V batteries, the
backpack and its contents weighed about 10 kg.

Type T (copper-constantan) thermocouples
were chosen because of their 5-us response time
and small size. Although the 0.5-mm-diameter
thermocouple lead wires had advantages, they
were too fragile for this application. During the
course of the field tests, anumber of thermocouples
either gave erroneous values or quit completely.
Some of these were replaced during the tests.

Blitz ski
This ski was selected because its homogeneous
structure greatly simplified thermocouple em-

cre




placementand interpretation of the heat flow field.
The Blitz ski was 1.1 mlong, with an approximate
apparent contact area of 0.05 m?. Five thermo-
couples were installed as 1llustrated in Appendix
B, yielding both transverse and vertical tempera-
turedistributionsin theski. Asshownin Appendix
B, the thermocouple arrangement was changed
after some use of the Blitz ski.

With only fivethermocouples, thethenmocouple
lead wires could be connected directly tothe CR 10
wiring panel located on top of the CR 10 data ac-
quisition system. This incieased the range of sam-
pling frequencies, although for all runs with the
Blitz ski, a 1-Hz sampling frequency was used.

DH ski

This ski 1s used in World Cup downhill races
where skiglideis very important. The ski was 2.25
mlong, withacontactlength of approximately 2.1
m and anapparent contact zrea of approximately
0.16 m?. The DH ski was constructed and .istru-
mented by the Racing Department, RossignolS.A,,
in France. Appendix B (Fig. B2) shows where 32
thermocouples were placed in the DH ski at loca-
nions specified by us. The thermocouples were
strategically located sothatlongitudinal, transverse
and vertical temperature profiles could be record-
ed.'Llusconfigurationyielded athree-dimensionai
matrix of temperatures in the ski. Inaddition, ther-
mocouples were placed on one of the steel edges.
To avoid erroneous readings, the thermocouples
on the edges had to be insulated because of the
electrical conductivity of steel. In the four-place
designation of the thermocouples, the number in
the first pl:ce indicates the longitudinal position
in the skiand the letter in the second place means
a vertical array (a), a basal array (b) or an isolated
edgeorbasal thermocouple (c). Thelast two places
are for position in the vertical array (02 to 42), the
position along the base (01 to 05), or an edge ther-
mocouple (10) or an isolated basal thermocouple

(02).

Testing

Various downhill ski areas were used as test
sites. For each test, air and snow temperature,
weather conditions and snow conditions were re-
corded at the beginning and end of each run. In
particular, the air and snow temperatures were
measured at the top and bottom of each run to ac-
count for the temperature variation with altitude.
The snow temperature was measured by placing
theskiincontact withthesnowsurfaceand reading
the temperature of a basal thermocouple ance it
had stabilized. The airtemperature was determined

by placing the skiabout 0.1 m above the snow sur-
face and reading the steady-state temperature of
the same basal thermocouple. Because of the fast
response time of the thermocouples and their prox-
imity to the base of the ski, we observed a steadyv-
state condition within about 20 seconds when de-
termining the snow and air temperatures. Once
the test ski and thermocouple wires had been se-
cured tothe skier, the data acquisition system was
programmed and the ski was allowed to rest flat
on the snow until a steady-state temperature con-
dition existed throughout the ski.

Each test consisted of a simple, but careful, ski
run. Ideally, more control over the variables would
have been possible; most of the test conditions
were imposed on us by the prevailing conditions
and the mechanics of skiing. Speed and load are
highly variable because of changes inmicrotopog-
raphy, temperature is affected by altitude and
solar input, and snow type is affected by temper-
ature, recent snow falls and skierusage. We decided
that, as long as the fluctuations inthese parameters
were recorded or reasonably consisteni during
each run, the results weuld be useful.

Parameters affecting frictional heating

Ambient snow temperature. Previous investigat-
ors have stated that ine amounti of f1iciional hivat
generated is dependent on the ambient snow tem-
perature. Runs were made in which all of the para-
meters were consistent except the ambient snow
temperature. There was some difficulty in deter-
mining this effect because, on any given day, the
snow temperature did not vary more than a4 or
5°C between the first and last runs. However, this
small ambient temperature differential appeared
to be sufficient to prove this effect, as is shown
later. Since the upper limitof the basal temperature
should be the melting temperature, tests were con-
ducted at temperatures just below 0°C tosee what
temperature the base could reach.

Load. We tested the fluctuation of load at con-
stant speed by cyclically weighting and unweight-
ing the skiapproximately every 20 seconds, while
the skier was being dragged up a Poma lift. Once
the Poma had attained constant speed, the skier
applied approximately half of his weight (N /2) to
the test ski and, 10 seconds later, applied all of his
weight to the ski before returning to half of his
weight 10 seconds after that. This loading pattern
continued for the duration of the uphill run, at
which point the ski was stopped so that itcould at-
tain a steady-state condition again. The speed of
thie slider in the snow track was about 2 m/s.

Tr stsof constantload during descent were done




to have all three contributing factors to the rate of
heat generation (load, speed and coefficient of
friction) kept constant. Since neither the speed nor
the coefficient of frirtion could be measured dur-
ing the runs, very simple te..s were conducted in
which only the load varied betwecn consecutive
runs. Tests were conducted with loads of approxi-
mately N/2,3N/4 and N applied to the test ski.

Tests of turning at relatively low speeds were
conducted with the skier continuously turning
eitherleftorright. The cyclicloading that occurred
during turning should show how the rate of heat
generation is affectea by this loading pattern.

Tests utilizing aneven weight* distribution with
the skier skiing in the parallel position in the tuck
(or crouch) were done. This showed if the skier’s
weight is evenly distributed across the width of
the ski.

Speed. Tests were conducted to determine the
temperature increasesthatresultfromadifference
in speed between downhill and uphill runs. The
skis were kept parallel on a downhill run and the
speed increased at an approximately conctant ac-
celeration. This test was repeated for a number of
differentloads ranging fromN/2to N,and onruns
of varying gradient.

Snow type. Tests were conducted on separate
days when the snow type had dramatically
changed because of changes in precipitation and
temperature. Thus, tests were performed in snow
conditons that varied from sof*, fresh, wet snow
to dry, hard-packed snow.

Thermal conductivity. One of the mostimportant
parameters affecting the temperature at the inter-
face is the thermal conductivity of the slider. This
effect was important to investigate because it is
oneofthefew things nthedesignofanysliderthat
can be directly controlled. It was i.wvestigated by
measuring the temperaturesin thevertical direction
inbothskis. Althonghidentical ambient conditions
never occurred during testing of both skis (i.e., the
skis were never used on the same test day, but
were taken out for testing on different days and
therefore experienced different snow types and
ambient temperatures), differences in the vertical
profiles could illustrate the extentto which thermal
conductivity affects the flow of heat from the fric-
tional interface.

Data processing

Attheend of atest session, thedataweredown-
loaded from the storage module to the hard disk of
a personal computer The data could then be con-
verted into temperature versus time plots. Before

graphing, we smoothed the data from both skis
witha0.5-Hzfilter to reduce the noise in the signal.

Results and discussion

Because of the highly dynamic conditions ex-
perienced in skiing, it was very difficult to isolate
one parameter and determine its influence on the
frictic 1l heat generation. This prnoblemn was en-
countered throughout the experimr entsand can be
altributed to thie frequent variations in direction,
load and speed that were experienced even on ski
slopes that appeared smooth and of consistent
gradient and snow type. Inaddition, it was difficult
to quantify any of these parameters. Nevertheless,
some useful information was produced, although
the conclusions drawn from the study are mostly
qualitative. The temperature versus time plots
fromthe field study shownin Appendix Careonly
examples of the data taken; many sim‘lar plots ex-
ist but are not shown because they are redundant.

Effects of ambient temperature

Thereisadefinite trend, asshown inFigures C1
through C4, that suggests that che base of the test
ski reaches a state of thermal equilibrium while
still in motion. The temperature at which the base
appears to have stabilized ranges from -0.6°C,
when the ambient temperature was -4.8°C, to
0.2°C, wheri theambient temperature was--0.25°C.
The fact that temperatures above the melting ten.-
perature of the snow were recorded can be at-
tributed 1o the warm air, high solar input and a
possible offset temperature in theinstrumentation.
It is not known whether thermocouple 3 in Figure
C1 had an offset temperature because it was de-
stroyed before it could be calibrated. It had to be
destroyed becauseit gave erroneous values during
later tests. These plots indicate that although the
speed of the ski was still increasing, the base
reached a quasi-steady condition because of the
generation of sufficient frictional heat to promote
melting over the portion of the interface that was
in contact.

This observation was apparent only with the
Blitz ski, because we knew the location of the ther-
mocouples in the Biitz ski to be on the base. In the
DH ski, the thermocouples wereiocated above the
frictional interface, asmall but unknown distance.
Thissmall distance was enoughtoseverely dampen
their thermal response, which may also have been
affected by the greater thermal conductivity of the
DH ski. Nevertheless, if speeds greaterthan18 m/
s and longer runs had been achieved with the DH
skiatsimilarambient temperatures (i.e.,-5t00°C),




0.4 T i ; T T T ;

0.2]- 8

Stzady-state Temperature ( °C)

Ambient Teraperature ( °C)

Figure 3.
Blitz ski.
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similar plots showing steady temperatures might
havebeen observed. Figure 3 shows a linear rela-
tionship between the ambient and steady-state
temperatures as calculated from the data given in
Figures C1 through C4.

The discovery that the base of a slider moving
oversnow canattainasteady temperature supports
theidea that meltwater at the frictional interface is
responsible for the low friction of snow. Clearly,
McConica’s ideas about the thermal response of
skis are incorrect. In addition, the .i-*-rfacial
temperature appears to be independent of the
speed once the steady-state temperature has been
reachea. This idea is illustrated qualitatively in
Figure 4.

Bowden and Hughes (1939) theorized, and it is
often observed that, the coef{icient of friction in-
creases with decreasing ambient temperature. The
reason for this is directly shown by the lower

Basal Temperature

S
Time

Figure 4. Independence of velocity and steady-state
temperalure for the Blitz ski.
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¢ teady-state temperatures that we found at lower
ambient temperatures. Coulomb or dry friction,
which has a higher coefficient than the lubricated
friction, is reiatively more important at lower am-
bient temperatures. Since the rate of heat genera-
tion is proportional to the coefficient of friction, it
appears that the greater rise in interfacial tem-
perature at lower ambient temp 2ratures is ascrib-
able to more heat production resulting from a
higher coefficient of friction. This effect can be seen
in otherruns that did notreachasteady-state tem-
perature. Comparing Figures C17 and C18 shows
thatfor an ambient temperature of --9.8°C, the tem-
perature rise at the base of the ski was 5.3°C,
whereas foranambienttemperature of -6.7°C, the
temperature rise at the base of the ski was only
3.3°C. Apart from the change in ambient tem-
perature, these two runs were nearly identical.
To quantify the heat flow as a function of the
ambient temperature, data obtained from the base
of the skis were fitted against the solution for the
suddenonset of a constant heat flow. From Carslaw
d Jaeger (1959, p. 75)

1/2
T(t) = T, _2]:7_5(%) @)

5

where T, is the initial or ambient temperature.
When theinitial temperaturerise was fitted against

2 the resulting approximation always had a
close fit. The values of the heat flow constant, or
ZqS(ks/ n)l/ Y ks, are shown versus ambient tem-
peraturein Figure 5. This shows thatthe heat flow
at the base of the ski increases linearly as the am-
bienttemperature decreases. Atleastoverthisnar-
row range of temperatures, the friction and heat
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Figure 5. Heat flow constant vs ambient temperature
for the Blitz ski.




generation increase with decreasingambient tem-
perature.

Effects of load

Fluctuation of load at constant speed. Figure C10
llustraces the influence of load cycling on heat
generation. The thermal response resulting froma
change in load from 0.5 N to N at a modest speed
wassurprisingly large. Itisinteresting tonote that
starting after about 50 seconds, a curve drawn
through the peaks would approximate /2. That
is, although the load oscillates between the N/2
and N, the resulting temperature response does
not oscillate back and forth between the maximum
temperature and the snow temperature because
heat accumulates in the ski base.

This effectis also showr inFigureC19,in which
the ski accelerates dowrnill, stops and accelerates
dewnhill again in three cycles. The time between
stopping and starting again was insufficient for
the base to reach a state of therm:1 equilibrium.
Therefore, when heat accumulates as the ski accei-
erates again, the ski attains a higher temperature
than it did during the previous heating episode.

Different constant loads during descent. Using the
1tesponses from thermocouple 3 shown in Figures
C8and C23,.as well as some of the data notincluded
in Appendix C, we found an almost linear rela-
tionship betweentheload applied and the temper-
atuie rise. In each case the ambient temperature
was app:oximately -9.5°C. This is in accordance
with the eq 1, which suggests that the rate of heat
generation is proportional to the applied load.
Thisrelationshipisillustrated in Figure 6,in which
the no-load data point is assumed to produce no
temperaturerise.

Turning. Figures C5 and C6 show the tempera-
ture rises associcted with the turning of the ski.
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Figure 6. Temperature rise vs load for the Blitz ski.

Figure C5 shows the response of a basal thermo-
couple during a downhill run on a long, gentle

slope. Asis quite evident, the steady-state teinper- wit]
ature is aporoaciied, but is never reached because .
of the weighting and unweighting during turning. L

Figure C6 shows the therma’ response of two basal

thermocouples that are located on either side of

thebase of the Blitzski. The fast, smooth turns pro-

duced a significant thermal response from both

sides of the ski. [tisinteresting to note two features N
in this figure. First, the alternate weighting and 2
unweighting on each side of the ski during turns
produced a 180° phase lag between the two basal
thermocouples. Second, the average thermal re-
sponse of thermocouple 1is greater than that of 5.
This canbeattributed totheinside location of ther-
mocouple 1 and the outside location of thermo-
couple5.Indownhillskiing, moreweightisapplied
to the downhill skiduring a turn. In the case of the
Blitz ski, which was placed on the right foot for all
tests, the left inside edge would experience more
loading when negotiating aleft-hand turnthan the
outside edge would experience during the same
turn. Therefore, thermocouple 1 wasmore heavily
weighted than thermucouple 5and shows agreater
thermal response.

Loading withskis parallel. It wassurprising to dis- .
cover the large termperature rise across the ski .
when the load appeared to be evenly distributed ]
during a parallel schuss. Figures C11 and C12
show this effect, which is caused by the amount of
edging that a skier applies when in the parallel
tuck position. This nonuniform distribution of
weight canbeattributed to the technique required
to maintain stability when skiing in that position.
The amount of edging required appears to be a

furction of the hardness of the snow as illustrated _
in Figure 7. This graph indicates that the tempera- 4"‘-
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ture i1s more uniformly distributed across the ski
when the snow has alow hardness. This is appar-
ently attributable to the more even distribution of
load when the soft snow conforms to the shape of
the ski. A similar effect of soft snow will be shown
later whea we discuss the longitudinal profiles.

Effects of speed. This parameter was by far the
hardest to control or record, largely because of the
variations iu terrain, lack of an appropriate meas-
uringdevice and supporting personnel. However,
the thermal response as a function of speed is de-
scribed in a qualitative sense in Figure C22. The
la: zetemperaturerise of approximaiely 4°C at the
begurning of thisrun is from a maximum speed of
approximately 6 m/s. At 60 seconds, a smaller
temperature rise of approximately 2°C is due to
the reduced speed on the Poma lift.

Effects of snow type. To further determine the
effects of snow hardness on the heat production
rate, the longitudinal profile was analyzed. This
yielded some interesting results, as shown in Fig-
ures C13 through C16. Figures Ci2and C14 depic.
the longitudinal thermal response at the base of
the ski on hard-packed snow. Close inspection of
the thermocouple response associated with each
curveshowsthatinizcy conditions, most of the heat
generation occursin the vicinity of the center of the
ski(i.e.,, directly under the skier). In the case of soft
snow (Fig.C15 and C16), the weightis distributed
far more evenly, probably because the soft snow
conformed to theshape os theski. The temperature
rise asa function of longitudinal position for hard
and soft snow is illustrated in Figure 8.

The appa ent heat flow distribution in the fon-
gitudinal direction caused us to pose some ques-
tions. Is the temperature increase at the rear of the

Temperature Rise { °C)

0
Front Longitudinal Position (m) Rear

Figure 8. Temperature rise vs longitudinal position for
different snow types.

skionsoftsnow »ttributable toan accumulation of
heat along the ski or is it ascribable to the load dis-
tribution? Anexperiment was conducted in which
the static lead distribution for the DH ski in the
longitudinal directionwas measured. To determine
the pressure distribution along the length of the
ski, six plastic disks were machined with cross-
sectional areas of 16.4 mmZ. This value waschosen
cothat the pressure applied on the disks would be
large enough to be measurable on the Fuji pressure
filmthat wasavailable to us. The disks wereequally
spaced along thebase ofthe DHskiand the pressure
filn.was placed belween the disks and a hard, flat
surface. The weight of the skier was then applied
for a couple of minutes until the film resporded.
This procedure was repeated to give the average
pressureof the two tests at each nodeasillustrated
in Figure 9.

This graphindicates that there is more pressure
at the rear than the front of the ski, so more heat
would be generated at this location. In addition,
this graph indicates that the largest load is applied
directly under the skier, which explains why, on
hard snuw at least, a large thermal response was
measurec under the skier. It appears that the larg-
estthermal respanse ocenirs at the rear of the skiin
soft snow conditions, and this mightbe attributed
to the accumulation of heat along the length of the
skiasweli astheincreased pressureat thislocation
under soft snow ronditions.

Effects of thermal conductivity. Figure C7 shows
<heresponse at two positions in the Elitz ski. Ther-
mocouple 1 was on the base and responded as we
have seen before. Thermocouple 2 was 3.8 mm
above the base and responded much less and
much later. The difference between the two canbe
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Fig:re 9. Pressure vs distance from front of DH ski.
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Figure 10. Temperature rise vs vertical position in the
Bliiz skiat -9.5°C.

attributed in part to the poorly corducting plastic
of che Blitz ski. In Figure C8 the responses of three
thermocouples cn thebase and two above the base
are shown. Thermocouple 4, which was 9.7 mm
above the base, hardly resporided to the hea: gen-
eration. Itis interesting tonote thatthe temperature
at this location falls off at the initiation of motion.
This effect can be attributed to convective air cool-
ing, implying that the top of the ski was not at the
ambient temperature, even though it appeared to
be in therinal equilibrium. This convective effect
could have orcurred because the top of the ski re-
ceived heat either from the sun or from the skier’s
boot. Figure 10shows the dampening ofthe thermal
response with height of thermocouples 2,4and 5
of Figure C8.

Figure C9shiowsthevertical response of the DH
ski with thermocouples located at approximately
the same vertical positions as in the Blitz ski. Note
that thc relative thermal respense of the
thermocouplesaway fiom thebase (2a22 and 2a32)
are much greater than the response in the Plitz ski.
This is because thermocouple 2a22 is situated on
top of the aluminum plate, as shown in Appendix
B. The high thermal conductivity of this plate
increases the thermal response so much that a
thermocouple off of the base in the DH ski (2a22)
has about the same fractional response as a
thermocouple on the base (5) of the Blitz ski, as
shown in Figure 11.

A comparison of Figures C20 and C11 shows
the variation of response time with thermal con-
ductivity during the same run. (The ambient tem-
perature differs in these figures because of a cali-
bration error.) In Figure C20, the two thermo-
couples on the steel edge (3c10and 4c10)"  'nto
respond almost immediately, whereas ti.. base
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Figure 11. Temperature rise vs vertical position in the
DH skiat -1.8°C.

thermoccuple (5cd02) responded after 4 or5seconds.
In Figure C11, which shows only base thermo-
couples, the response begins more quickly but
only 2b01 responded as much as 3c¢10. Response is
delayed not only because of the effect of thermal
conductivity but alco because the base thermo-
couplesin the DH skiareasmall but finite distance
away from the base.

Additionai observations

Variatior of temperature withalti:ude. Figure C17
shows the change in temperature that occurs with
altitude. In this case, the snow temperature is ap-
proximately 1.3°C lower at the top of the run than
it is at the bottora. This observation indicates that
a small component of the temperature rise that
takes place during adescent may be caused by this
altitude effect.

Reallocation of basal thermocouples in Blifz ski. Fig-
ure C8 shows a very large difference in thermal re-
sponse among the threebasal thermoc. -ples(1on
thelef* side, 2 in the middle and 5 on the right side
of the Blitz ski.) This might be attributable to the
unevenload disiributionin the transverse direction
during parallel skiing as described earlier. This
cannot be the case, however, because this explan-
ation would require that thermocouple 1 have the
strongest response and thermocouple 5 have the
weakest. The reason for the different thermal re-
sponses is that these thermocouples are not locat-
ed at precisely the same heights above the base of
the ski, an effect that is especially important in the
non-conductive plastic. Figure C21 shows thesame
response but with the time axis expanded. In-
spection of the response time suggests that ther-
n.orouple3is closest tothebase, followed by 5and
1. 1o correct this problem, new thermocouples




were placed in the base of the Blitz skiand a typical
response of these is shown in Figure C22.

Smoathing of data

Figure C24 showstheresponse of abasal thermo-
couple as actually recorded. The fluctuations in
thermal response during the run may be caused by
electronicnoise as wellas physical effects, including
frequent variations inload due to the topogri.pay
of the ski slope. These undesirable effects were re-
duced using a smoothing routine with a cut-off
frequency of 0.5 Hz, which allowed earlier com-
parisonsb.tweenfiles. A smoothed version of Fig-
ure C24 is shown in Figure C23 for compa. son.

FINITE ELEMENT MODEL
Computational procedure

Purpose of computer simulation of
frictional heat flow in skis

As a second phase to this project, we used a
computer model to simulate the flow of frictional
heatintoadownhill racing skito try toquantify the
significance of thermal conductivity and material
geometry on the heat removal from the interface.
Thecomputer model madeuse of the finite element
method to determine the temperature distribution
in arectangle that represented the cross section of
tne ski. The temperature fields generated by this
model were compared with the temperatures re-
corded in the field to see if the model could be a
use :ltool to predict the heat flow characteristics
of various ski structures and ambient conditions.
This would eliminate the expensive and tedious
task of building and testing sliders of all types to
determine their thermal response.

Finite element software ard parameters

The THERMAP (Thermal Analysis Program)
software available onthe NORTHSTAR computer
network at Dartmouth College (Glovsky 1982)
was chosen for this computer simulation because
of its flexibility in handling a wide variety of ther-
mal phenomena, including conduction, convection,
internal heat generation, surface heat flux and
phase chan- ~. Inaddition, the programis capable
of calculati..,, the transient and steady-state solu-
tions of thetemperaturedistribution, both of which
are of great interest in frictional heating. Mary of
the input parameters were based on observations
and measurements from the field study.

Touse the finite element method, amesh had to
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be created, which invsived breaking up the cross
section of the DH ski into a number of small
elements. Making use of symmetry, we modeled
only one half of the width of the ski with ano-heat-
flow boundary condition imposcd on the right
side o¢ the mesh at the center-line of the ski. To
determine the element dimensions and shapes, a
section was cut from anold DHski and the material
dimensions and configuration were merasured.
Furthermore, the size of the individual elements
wasbased on thee:sected heat flow in the medium.
The elements were small in locations where the
temperature gradients were large. In the case of a
skisliding over snow, the elements were emallest
at the base of the ski, where the heat is generated.
We incorporated 185 triangular elements into the
mesh. A larger number of elements could have
been used, but for this application, the additional
resolution in the mesh would have requireu
extremely long computer runs The 185 elements
werecreated from the 114 nodesthat were specified;
thenodecoordinatesare the locations at which the
resulting temperaturesare calculated. A schematic
of the meshi chosen for the frictional heat flow in
the DH ski is illustrated in Figure 12.

For the first 17 seconds of each run, a heat flux
boundary condition rosulting from frictional
heating at the base of the ski was specified. The
heat generation was determined using eq 1 with
half of the skier’s weight assigned to each ski. The
coefficient of friction was taken as 0.06, the speed
was estimated as 18 m/s, and the area was
calculated as 0.16 m? by measuring the length and
width of the apparent contact area of the DH ski.
This spead is close to the upper limit of that
encountered with the DHskibutislessihanracing
speeds. Actual contact only occurs over a small
fraction (~4%) of the base of the ski. Using thisarea
would increase the heat flux by a factor of 25 but
would be applied to only 4% of the base of the
meshinthe model. Assuming that thesnow crystals
come incontact with all of the skiat some time and
that these contacts vary randomly and frequently,
we deemed it reasonable to apply the heat flux
across the entire base of the ski with a value
corresponding to 100% contact area.

All of this heat flows into either the ski or the
snow since melting has not yet begun. Using this
balance, eq 8 for both the snow and the ski, and
noting that the surface of the snow and the ski are
at the same temperature, we can easily show that
the heat flow ratio (R) is given by

ke (xi)'?
R ki(Ksi ) (9)
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Using the vmueb k =0.377 W/mK, kl 0552 W/
mK, K, =107 m /5 andK =13 m? /s yielded a
value o0f0.438 for R. Therefore, the rate of heat flux
into tne ski was taken as

9s =;{‘—§ HON . 10)

This was the value used inall cases simulating fric-
tional heating.

Asanalternative, afixed temperature condiiion
could be imposed on any number of nodes within
the mesh. From observations made in the field
study, we determined that once the ski basereached
a steady temperature, this steady-state condition
was mainta:ned for the duration of the run; its
value in most runs was above -1°C. To simulate
this temperature condition in the model, the pro-
gramwas stopped once the base had attained tem-
peratures within this range. A fixed temperature
was then imposed on the basal nodal points, and
the simulation continued.

In the case where a rise and cubsequent fall i~
the vertical temperature profile was determined, it
was possible to simulate the deceleration of the ski
using appropriate values for basal temperature.
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Figure12. Finiteelement meshwith node num-
bers. Dimensionsareiv millineters. The right-

112 hand edge is the centerling f the ski and the
left-hand edge is the sidc of the ski,

This was achieved by decremenin.g the tempera-
ture of the basal nodesina way thatapproximately
replicated the temperature decreases observed in
the field data during deceleration of the ski. Once
again, we did this by stopping the program to ad-
just the fixed temperatures of the basal nodes to
simulate the cooling effect observed in the field.

Internal heat generation from flexing could have
been included but, from the data gathered in the
field, there is no indication that heat was being
generated atanylocation otherthanthebase of the
ski. The effects of convection ascribable to motisi:
occuralong thoseboundaries that were exposzd to
the air, the left and top side of the mesh. The con-
vection coefficientwas determined using the equa-
tion (Kays 1960)

H=725v"% (11)

where the speed was taken as 18 m/s (H being
given in W/ m? °C). This value was used for all
simulations. Values of the properties of the
materials used in the mesh, including the thermal
conductivity and diffusivity, are girenin Table 1.

Case studics of heat flow into the DH ski
We used four case studies to investigate the




Table 1. Thermal properties of materials
in DH ski.
Thernml Therniid  Spercthic
comductinly  ditfesiory heat
Mualernt (W/in k) rfs) (g K)

Polyethvlene 0.4 X 2310
Steel 50 15x10% 470
Snow at 0°C .55 7 4200
Woad 0.2 X107 2390
Aliminum 190 sxi0 ¢ 900
Fiberplas 0.2 IxI07 16
Plastic 0.2 9x10* 1220
Airat 0°C 0.02 2x10 ¢ 900

effect of thermal conductivity on the retention of
heat at the base of a slider. For each case, both the
transient and steady-state solutions for the
temperaturedistributions wercd termined. The.e
cases are as follows.

Case 1. The temperature distribution was calcu-
lated forthe actual Rossignol DH ski, incorporating,
both the aluminum plate rear the base and the
steel edge. This case gave the heat flow character-
istics of this popular downhill racing ski. This con-
figuration is shown in Appendix B.

Case 2. The temperature distribution was calcu-
lated for the DHeliwith thesteoledge replaced by
aceramic edge. The removal of the highly conduc-
tive steel edges might allow greater melting and
givelower friction atlow tenuperatures, This could
be achieved by substituting a highstrength, poorly
conducting material, such as sintered alununa, for
the steel.

Case 3. The temperature distribution was calcu-
lated with the steel edge replaced with the ceramic
edgeand the loweraluminum piate replaced with
alayerof polymer. The vibration-dampening alum-
inum layer used inracing skis was thought tobe a
significant heat flow conduit because of its very
high thermal conductivity, geometry and location
in the ski. We hoped that the replacement of this
aluminum layer with a material of much lower
thermal conductivity but comparable stiffness,
suchas polyoxymethylene, would reduce the heat
flow along this layer, resulting ingreater retention
of heat at the base.

Case 4. The temperature distribution was calcu-
lated for a ski with the aluminum layer replaced
with the polyoxymethylene layer but with the
steel eage reinserted. This material configuration
was analyzed to determine if the two metal com-
ponents interacted to enhance the heat removal.

A list of the thermal properties of materials in
the actual and altered DHski is givenin Table 1.
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Limitationsand problems encountered woith THERMAP

In the transient solutions, there was a small
amount of heat flow across the centerline of the ski,
whichwas designated asano-heat-flow boundary.
This could have been caused by the selection of
mesh size and element configuration. However,
the effects of this problem were small and we
considerad theminsignificant because ourinterest
was primarily in the heat flow along the base and
out the sides of the ski.

In trying to simulate the temperattire response
atthe base of the skias observed in the field study,
we used a heat flix boundary condition {o start
the computation, as described above. Its use was
limited, however, because the temperature at the
base was Limited to the observed steady-state
temperature. Thus. the bourdaiy condition at the
base was adjusted according to the calculated
temperatures. This required frequent pauses in
the execution of THERMAP to adjust thae heat flux
or impose fixed temperatures on specific nodal
points. This procedure is sormewhat arbitrary but
1s not unrealistic since the friction and the heat
production vary with time after the start of motion
in a real ski. It would have been convenient to set
these parameters in an additional file that would
haveheen capableofz Jjnsting the hwat fluxvalies
and the convection coetticients at the specitied
times and locations, but the actual heat flux could
not be determined from data collected in the field.
Apartfrom thislimitation, the THERMAP software
package was an appropriate tool in determining
the temperature response resulting from frictional
heatu.g.

Results and discussion

The finite element heat flow analysis was done
to examine the significance of thermal characteris-
tics tothe heat flow propagationin aslider. There-
sults presented and discussed in this section yield
some interesting insiglits into the heat flow, and
thus we hope that thismodel can be used to predict
the thermal and frictional behavior of sliders.

As noted above, for about the first 17 seconds
the heat flow parameters assigned were based on
continuous heat generation calculated from eq 10
and theareaof theski. Thisinitial period of constant
heat generation does not take into account the ef-
fects of weight or speed change that occurred in
the field study because of the difficulty of adjusting
the prescribed temperatures at nearly every time
increment. When the base reached a tempers are
that was comparable to the steady-state tempera-
ture measured in the field, that temperature was




fixed to the basal nodes and this condition was
maintained until the entire ski was in a state of
thermal equilibrium. Since the replication of a
commeon ski run was desired, the basal tempera-
tures were also modified to simulate the cooling
experienced at the base as the ski decel: ated and
stopped. This simulation allowed a qualitative
comparison between the vertical thermocouple
response in the model and the test ski.

Transicut thermal response of the
actual DH ski (case 1)

Figures D1 through D10 illustrate the transient
heat propagation through the ski until a steady-
state condition has been achieved. These plots of
isotherms show how the temperature distribution
varies with time, illustrating the long time required
before the entireckiis inacomplete state of thermal
equilibrium. To show this, the temperature of
node 46 (see Fig. 12)in case 1 was plotted asa func-
tionof time and is shownin Figure 13. This suggests
that *he time required for the entire ski to achieve
complete steady-state far exceeds the time of a
standard downhill competition run. Except at the
base of the ski, the id»a of steady state may not be
applicable to skis because of the frequent changes
e speed, direction and load experienced under
nearly all skiing conditions.

V' ctical thermal response
We did this computer run to determine the

thermal characteristics of nodes in the ski that ap-
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Figure 13. Temperature rise ar node 46 vs tinie for case 1.

proximnately represent the measured vertical tem-
perature profile in the DH ski. It should be noted
that the computer simulation represents an ideal
dewnhill run consisting of no intermittent heating,
uniforin heating across the base of the ski, and a
runtimerepresenting thetime of anormaldownhill
competitionrun. Because of these assumed condi-
tions, only a qualitative comparison can be made
between model and field results. The response of
the computer simulation, shown in Figure 14, is
typical of the amplitude-dampened, phase-lagged
behavior observed in the real ski and shown in
Figure C9.

Thermocouple na02 reached a plateanatatem-
perature of approximately -1°C, thus simulating
~hat was observed in the field data. The thermo-
couples furthest away from the base of the ski
(na32 and na42) cool off before experiencing the
frictional heat propagating up from the base. In the
real ski, this was attributed to the effects of convec-
tion. However, inthe model this can only be attrib-
uted to computational inaccuracy.

Heat flux at the base

The heat flux perpendicular to the base was
computed at four placesalong the base (see Fig. 15)
because that is where the critical heat removal
takes place. Itis clear from these plots that the local
heat flux is strongly affected by material compo-
sition and is very dependent on the location along
the base. As expected, heat flux increases with in-
creasing thermal conductivity, but the effect is not

Time (s)
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Figure 14. Computed vertical temperature profile for
nodes 110, 76, 58, 40 (equivalent to thermocouples
na02, na22,na32, and na42 respectively).
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Figure 15. Heat flux versus tinte.

uniform throughout the complex geometry of this
ski. Case 1 incorporated analuminum plate witha
steel edge; case 2 incorporated an aluminum plate
withaceramicedge; case 3incorporated a polymer
plate with a ceramic edge; and case 4 incorporated
a polymer plate with a steel edge. The locations of
the nodes in this heat flux analysis are shown in
Figure 12.

Figure 15a shows the heat flux us a function of
time between basal nodes 100 and 91, which are
located approximately 3 mm from the edge of the
ski. The heat flows in cases 1 and 4 with the steel
edge are about four times greater than in cas 52
and 3with the ceramicedge, atleastatatime of 227
seconds. Thissuggeststhatthesteel edgedominates
the heat flow pattern this close to the edge. The
retention of heat near the side of the ski base 15 in-
creased significantly when a material of low
thermal conduciivity is used in place of steel.

The effects of the steel edge and the alum.aum
plate onthe heat fluxatthebase of theskiareabout
equal at a distance of 10 mm from the edge. In the
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case of basal nodes 101 and 92 (Fig. 15b), both the
steel edge and the aluminum plate are needed to
make asignificantdifference.Clearly, the heat flux
becomes more dependent on the aluminum plate
than on the steel edge as the distance away from
the edge increases. The heat flow between nodes
110and 107, located 25 mm away from the edge, is
showninFigure 15¢c. The heat fluxes at227seconds
forcases 3and 4 are very similar tobut slightly less
than that of case 2 (aluminum plate, ceramicedge).
Thealuminum platereally dominates other effects
at 37 mm away from the edge as shown in Figure
15d for nodes 112 and 114. Cases 1 and 2 with the
aluminum plate provide the greatest amonnt of
heat flow and would reduce the amount of heat at
the base of the skiinits midsection by 50% or more.

Steady-state iemperature distribution

Figure 16 illustrates the steady-state tempera-
ture distribution of cases 1 through 4. Cases 1 and
2 (Fig. 16a and b) with the aluminum plate show
thata large amount of heat is conducted along the




a. Case 1.
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d. Case 4.

Figure 16. Steady-state temperature distribution,

aluminum plate to the outside wall of the ski,
whereas in cases 3and 4 (Fig. 16¢ and d) the hori-
zontal component of heat flow in the polymer
plate is significantly reduced. This suggests that,
when the entire skiis in an overall state of thermal
equilibrium, a considerable amount of heat is lost
through the side of the actual ski. Figures 16¢ and
d show that the most of the heat flows vertically 1p
into theskiand that the presence of the polymer re-
duces the total heat flow, although therc is still a
significant corner effect from the steel edge in
Figure 16d.

In an effort to quantify this, we measured the
perpendicular distances between adjacent
isotherms foreach case to determine the magnitude
of the heat flow in the plate and the surrounding
material. Results indicate that for case 1, the heat
fluxalong thealumimum plateisapproximately 40
times as great as the heat flow into the wood just
above the aluminum plate. In case 2, the replace-
ment of the steel with ceramic reduces this ratio to
approximately 15. This reduction occurs in spite of
the downward heat flow in the vicinity of the steel
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edge. In cases 3 and 4 this ratio is reduced to ap-
proximately 1, thus showing a greatly reduced
heat loss out of the sides of the ski. This analysis
clearly suggests thatthe replacement of conductive
materials would reduce the heat flow away from
the base and could greatly affect the ski’s friction
atlower temperatures.

The heat flow in the wood coreis not greatly af-
fected by the change in material composition, per-
haps by no more 20%. In case 1, so much heat is
conducted along the aluminum plate that heat
flowsdownward through thesteeledge. However,
this may be a feature attributable to the boundary
conditions that were imposed on the model.

A qualitative comparison between the
field study and the finite element model

A qualitative comparison was made between
the results of the field study and the results of the
model partly to test the validity of the model.

Transicnt response
Forthe first 17 seconds of amodel run, a constant




heat flux was imposed on the ski base. In the field
study, it tock acertainamount of time te attain this
maximum speed, which would suggest tl-at the
amount of heat generated at the base increased
from zero to its maximum value. However, if we
look at the response of the basal thermocouple in
Figure C2, the time required to reach steady state
issmail compared to the time for wkich the base is
inastate of thermal equilibrium. I[f the basal steady-
state lasts for aminute or more, as was assumed in
the model, then the heat flow conditions imposed
in the model closely resemble the actual field pro-
cess. Thisis furthersupported by the times it takes
toattainsteadvstateinthemodeland inFigure C2,
which are within a factor of two of each other.

Vertical temperature profile

For this comparison, the coordinates of thenodes
in the finite element mesh were selected by the ap-
parent locations of the thermocouples in the DH
ski. BothFigures C9and 14show the phase-lagged,
amplitude-dampened response of thermocouples
located above the frictional heat source. It is hard
to decide just how closely to compare thermo-
couples 2a02 and na02 because the times of fric-
tional heating in the field and computer runs were
quite different. While the run in Figure CF Jasicd
about30seconds, the simulated run depicted inFi-
gure 14 lasted for over 3 minutes. Nevertheless,
the general characteristics of these two profiles are
sinmular.

Sunplifications of the computer model

Fromthe datacollected in the field, we assumed
that the weight of a downhill skier is not evenly
distributed across the width of the ski, but is ap-
plied more to the inside edge. This results in more
heatgeneration neartheedge of the ski, which was
nottakenintoaccount inthe computer model. The
prevailing philosophy s thatitis desirable tohave
the ski flat on the snow so that meltwater can ke
evenly generated across the entire width of the ski.
Therefore, heat was generated evenly across the
base of the ski in the finite element simulation.
However, this hindered comparisuns of basal heat
flow between the model and the field data.

Also, heat generation in the model was not in-
termittent, asit wasinthe field because of changes
i speed and load. Because of the randomness of
these variations in real ski runs, we decided that
incorporating these effects would complicate the
analysis toe much.

CONCLUSIONS

It was encouraging to have obtained such a
large thermal response from frictional heating at
the base of both test skis. We initially thought that
the response of frictional heat generation might be
lost in the noise of the data acquisition system. In-
stead, thelarge thermal response hasallowed us to
characterize the nature of heat generation and heat
flow, and helps us understand the coefficient of
kinetic friction.Clearly, someof McConica’s (1950)
ideas of snow friction have been disproved and
some ideas of Bowden and Hughes (1939) have
beer affirmed.

At the outset of this investigation, we hoped
that simple, but careful tests of sliders passing
oversnow could provide meaningful, quantitative
results that could be used to test the accuracy of the
tempeiature rices predicted by theory. The theory
might theu be imore useful in quantifying friction
utider known ambient conditions. However, be-
causeof the highly varying conditions that existed
in the ski tests, it was difficult to control the para-
metersatiecting the rate of frictional heating. These
included the speed and the weight acting on the
slider. Although this detracted from the quantita-
tive esiilis, the quelitative analy s gives ussame
insight into how the frictional I 1t is distributed
and supports existing ideas abc .t the meltwater
layer.

The field results support the following conclu-
slons:

1. The formation of a discontinuous meltwater
layerissuggested by the steady-state temperature
reached at the base of the ski. This temperature
wazs consistently close to, butlessthan, the melting
temperature of the snow. There appears to be an
upper limit to the basal temperature, which is
determined by some combination of the fractional
arca in contact and the melting temperature.

2. The thermal response is dependent on the
ambicnt temperature of the snow. This suggests
that more meltwater is present at higher ambient
temperatures, thus the lower friction.

3. The heat gencrated by frictionat the interface
is sensitive to the ambient snow temper.ure, the
load and the speed of the slider.

4. The distribution of frictional heating is sensi-
tive to the style of skiing and the hardness of the
snow surface. The heat gencration is more uni-
formly distributed if the snow is soft and can con-
form to the shape of the ski. The heating is con-
centrated under the skier when the snow is hard.




5. The steady -state temperature of the base of a
skiappears to be independent of the speed, prob-
ably because the average temperature at the base
1s determined by the melting temperature and the
contactarea, evenit the heat productionincreases.

6. When i a tuck position a skier’s weight is
concentrateaontheinside edge. This result shows
that the ski s not tlat on the sncew even when the
shier perceives it as such. Temperature measure-
ments should be used to learn how to correct this
uneven distribution so as to reduce friction.

7. The vertical temperature profile exhibits the
characteristic phase-lagged, amplitude-dampened
response expected when heat 1s generated at one
surtace only.

8. Tempcerature measurements are a powerful
tool torexamining such things as the effectiveness
of waxes and slider designs and should become a
standard tool for testing the behavior of skis and
other shders.

The finite element model results support the
following conclusions:

1. Alarge amount of heat flow occurs out the
side of the DH ski because it has the hughly con-
ductive alurainum plate. The heat flux along the
aluminum plate is about 40 timies greater than up
throughthewood. Considering that the aluminum
plate is about one-fortieth as thick as the wood is
wide, aboutthe same amount of heat flows out the
alumimum plate as flows up through the wood.
Thus, the aluminum plate about doubles the heat
loss from the ski. The replacement of this plate
with amaterial of lower thermal conductivity but
equalstiffness, such as polyoxymethylene, would
mhibit the flow of heat away from the frictional
interface and increase the supply of meltwater at
the base of the ski.

2. The Leat flow out the sides of the ski is in-
creased by the steel edge, but not to the same ex-
tent as by the aluminum plate. However, the two
contplement one another in extracting heat from
the base of the sk, and the steel edge is very effec-
tive at removing heat at the corner itself.

3. The veracal temperature profile exhibits the
characteristic phase-lagged, amplitude-dampened
response seen i the tests skis, thus showiny, that
both respond to heat at the base.

4. The finite element model is a useful tool for
predicting the thermal response of sliders and can
be used to predict, inagualitative way, the frictional
characteristics of anything that slides on snow.
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APPENDIX A: CR 10 DATA ACQUISITION PROGRAMS

Key strokes Comments Key strokes
Example program used to sample A 9951
thermocouples in the Blitz ski: A 9999
* 1 Access program table #1 A 8
A 1 Set 1 Hz sampling frequency A 0
A 11 Record reference junction A 3
temperature A 86
A 1 A 76
A 1 A U4
A 3
A 1 A 1
A 1 A 1
A 0 A 2
A 14 Record thermocouple A 1
temperatures A 1
A 5 A 2
A 1 A 1
A 2 A 0
A 1 A 95
A 1 A 2
A 2 A 9990
A 1 A 9995
A O A 14
A 86 Moveall values to final memory
A 10 4
A 70 Placeall values in storage module 1
memory 3
A 5 1
A 2 1
A 9 36
A 71 1
* 0 Compile and run program

Examnple program to sample
thermocouples in the DH Ski:

L

39

»

PR Pr> >

Access input number address
Set number of inputs to 39
Access program table #1

Set 0.5 Hz sampling frequency 96
Record reference junction 71
temperature 0

39

LI i i S i g g
=

Comments

Record thermocouple tempera-
tures connected to AM 32 board

| o RN IS R [ SR
WRECOTU WTIIOCouUpIE winpera-

tures connected to wiring panei

Move all values to final memory

Place all values in storage module
memory

Compile and run program

Keystrokes used to manipulate data:

Observe real time measurements
Observe measurements sent to
storage module memory

Place filemarksand /orerasedatain
storage module memory.

* 6
* 7
* 9
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APPENDIX B-THERMOCOUPLE AND MATERIAL CONFIGURATIONS OF THE SKIS

Figure B1. Longitudirial
positionofall thermocoup-
les in the Blitz Ski.

1.1m
#1, #2, #3,
#4, #5
0.5m . , .
Figure B2. Vertical and transverse locations of ther-
mocouples for test runs Field11.dat through Field75 .dat,
Y FieldAl.dat through FieldA35.dat, and SKI-E1.dat
-—— — through SKI-E9.dat with the Blitz Ski.
HOMOGENEQUS PLASTIC.
|4 63 mm -

-1 *5 *3 *4 #5
HOMOGENEOUS PLASTIC.

Figure B3. Vertical and trans-
verse locations of thermocouples
for test runs Field81.dat through
Field918.dat with the Blitz Ski.
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Figure B4. Longitudinal position of all thermocouples in the DH Ski.

@® Polyethylene/Plastic € Wood 2 Steel

1¢10 & 5¢10 1c02 & 5¢02

Figure B5. Location of base and edge Hiermcouples ar
the front and rear of the DH ski.

(D Plastic @ sSteel O Auminum O Air
@ Polyethylene (] Fiberglass € Wood

nb01 nb02 nb03 nb04 nb05

Figure B6. Transverse profile of the basa! thermocouples located in
the 2bnn, 3bni and 4bnn lengitudinal positions in the DH ski.
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(D Plastic @ Steel (O Auminum () Air
@ roivethylene  ([D Fiberglass & Wood

na02

Figure B7. Vertical profile of the Hiermocouples located in the 2ann, 3ann and
damn longitudinal posttions in the DH ski.

(D Plastic @ Steel O Aluminur. & Air
@ Polyethylene (D Fiberglass & Wood

Figure BS. Position of the edge thermocouples focated in the 2cmi:, 3cin
and denn longitudinal positions in Hie DH ski.
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APPENDIX C: TEMPERATURE VERSUS TIME PLOTS FROM THE FIELD DATA

Samples f the temperature measurements are
given here. All of the curves have been smoothed
with a 0.5-Hz cut-off frequency. The initial tem-
perature at the base of the skiis taken as the ambi-
enttemperature. The testrunand snow conditions
are described briefly. The start of motion is indi-

cated by A and the stopping point by B. The ther-
mocouples are indicated by number; the location
of cachthermocuuplein theskiisshownin App=n-
dix B. The ski can be identified by the number of
the thermocouple.

e
)
1
1
% v
1
Jd 1 .

crtare UC

NG 3 —i

(¢ B -

Figure C1. File numc: Field 3A dat. Ambient g 7 -

temperature:-0.25°C. Maximumspeed: =7 mfs. & °" 7 I -

Run description: Parallel down short, gentle -
. . . ~ i 2

incline with load of =N/J2. Snow condition: Soft, N oA 3

fresh snow. oabe™ :]

[¢] a0 80 120 160 20C 220

me S

Figure C2. File name: Field 5C.dat. Ambient
temperature: -4.8°C. Maximum speed: =9 m/s.
Rundescription: Parallel dowen short, gentle incline
with load of sN/2 Snow condition: Hard, old, dry
SNow.

Yemperature (°C)

Figure C3. Filenanie: Ski-E5 .dat. Ambicnt temperature:
-3.4°C. Maximum speed: =11 mfs. Run description:
Parallel down short, steep incline with load of =3N/4.
Snow condition: Soft, fresh snow.

b I B I R R A R B B
- / —
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2+— R
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qf— —
P SR U N SR TR S B
o 20 40 60 8C 100
Time (s)
Cr —1 | - | T —*[_‘1——
— (.3 —
P —
(=]
o - ~
e 2 r— —_—
el —————
) - ho o ~{
2
E 35—
A = -
A
4+ pu—
. | | I 1 1 | |
0 20 a0 60 80
Timne (s)
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“gmporature (°C)
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Tempergture (°C)

Temreroturs {°C)
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Orl_—"l—['_f ] T I 1 8
!— No | —
-3 i
B E

o}
Ry -
2=
-3
A —
. - —
r; . | § ! | | | .
40 80 120 160
Time (s}
1 |
]
I | | i | i S
o] <o 40 60 80 100
Time (s}

30

Figure C4. File naine: Ski-E9.dat. Ambicat temper-
ature: =3.5°C. Maximum speed: € mfs. Run de-
scription: Parallel down long, gentle incline with
load of =NJ2. Snow condition: Soft, fresh snow.

Figure C5. File name: Ski-E6.dat. Ambicnt tem-
perature:—4.75°C. Maximum speed: =9 mfs. Run ,
description: Sintulation of 2 downhill run. Time of .
run =75 seconds. Snow condition: Soft, fresh

snow.

Figure C6. File name: Ski-E2.dat. Ambient tenr-
perature: =3.2°C. Maximu speed: =6 mfs. Run
description: Wide, smooth turns. Snov cendition: ‘
Soft, fresh snow. K

Figure C7. File name: Ski-E3.dat. Ambicnt tem-
perature: =3.9°C. Maximum speed: <12 mfs. Run
description: Parallel downshort, steep incline with
load of =N/2. Snow condition: Soft, fresh snow.




°c)

Figure C8. File name: Field 410.dat. Ambient tempera-
ture:=9.5°C. Maxinmum speed: =6 mfs. Rundescription:
Parallel down short, gentle incline with load of =N.
Snow condition: Dry, packed natural snow.

Temparature

0] 40 80 '29 160 200

(°C

Figure C9. File name: Field C4D.dat. Ambient temperat-
ure:~1.8°C. Maximum speed: =9 mfs. Rundescription:
Parallel down short, gentle incline with load of sN/2.
Snow condition: Soft, fresh snow.

Temperglure

-2C ' | J ] 1 I 1
0 a0 8O t2u 160
Time (s}
T T T T A l I
-2 b— —
8

Figure C10. File name: Field 83.dat. Ambient tempera-

Tempe-cture {°C)

. L. 5
ture:=1.8°C. Maximuumn speed: =2 mjs. Rundescription: Ne |
Parallel uphill, varying load cvery 10 seconds. Snow
condition: Dry, hard-packed natural snow. ~
“2o ! L I TR
o] ac 80 120 160 200
Time {s)
-7 T l — T7 T | T

Figure C11.File name: Field B4A.dat. Ambient tem-
perature: =10°C. Maximum speed: =10 mfs. Run
description: Parcllel down short, gentle incline with
load of =N/2. Snow condition: Dry, hard-packed mie
natural snow.

Tamperoture (°C)
.
©

-1 L 1 4 I__I ] 1
(&) 40 80 i2¢ 160
Time (s}
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Figure C12. File name: Field C2A.dat.
Ambient temperature: -2.0°C. Maximum
speed: =9 mfs. Run description: Parallel down
short. gentle incline with load of =N/2. Snow
cot. on: Soft, fresh snow.

100

Figure C13. File name: Field B4*.dat. Ambicnt tem-
perature: =9.0°C. Maximum speed: =10 mfs. Run
description: Parallel down short, gentle incline with
load of =NJ2. Snow condition: Dry, hard-packed mtural
snow.

Figure C14. File name: Field B10*.dat. Anibient ten-
perature: ~11.0°C. Muximum speed: =10 m/s. Rundes-
cription: Parallel down short, gentle incline with load of
=N/2. Snowcondition: Dry, hard-packed natural sno.

Figure C15. File name: Fielll C4*alat. Anibicnt
temperature: ~1.4°C. Maximum speed: =9 m/s.
Run description: Parallel down short, gentle in-
cline with load of =N/2. Snow condition: Soft,
fresh snow.
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Figure C16. File name: Ficld C10*.dat. Ambient ten-
perature: =1.5°C. Maximuum speed: =9 mfs. Rundes-
cription: Paratlel down short, gentle incline with lond -16
of aN/2. Snotw condition: Soft, fresh snow.

'
~n

R~ ——3002

=202

0 40 80 120 160 200
Time (s}

A L L L A
S
— -ar— B —]
Figure C17. File name: Field AA.dat. Amiiacnt tem- §
perature:=9.8°C. Maxinum speed: =6 mfs. Runde- Y
scription: Parallel down short, centle incline with €
load of =N. Snow condition: Dy, hard-packed natural "
SHOW.
Time (s)
-3
L T a8 I j I j 1
o
5
°
Figure C18. File name: Field A35.dat. Ambient tem- 3
perature: ~6.7°C. Maxinuni speed: =6 mfs. Rundes- ¢
cription: Parallel down short, gentle incline with load of
=N. Snow condition: Dry, hard-packed natural snow.

Time (s}

Figure C19. File name: Ficld 813.dat. Ambicnt fent-
perature: ~2.9°C. Maxinum speed: = 6 mifs. Run de-
scription: Three repetitions of paralleling down one-
third of short, gentle incline with load of =N. Snow
condition: Dry, hard-packed natural snow.

Temperoture {°C)
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Temperature (°C)

Temperature (

Temperoture (°0)

)

on
~

Temgergtyre (

Fizure C20. File name: Ficld B4G.dat. Ambient
femperatire: =11.6 °C. Maxinuon speed: = 10 mfs.
Ruir description: Parallel down short, gentle in-
clinewithload of N2, Snow condition: Dry, hard-
packed natural snow.

R T T 1
N L
- -
-6f— i —
L / o 3 —
-7 — [ A —| Figure C21. File name: Field 410.dat. Ambicut tem-
- !\ 4 perature:=9.5°C. Maximuntspeed: ~6 mfs. Run des-
-B'I - /0 —  cription: Parallel dowen short, genHe incline witl load
X /NS - of =N. Snow condition: Dry, packed natural snow,
o= 7 N '
7

Figure C22.File name: Field A17 .dat. Ammbient
teniperature: 9.3 °C. Maxinnn speed: =6 nvs.
Run description: Parallel down short, gentle
incline with load of =N, followed by varying
foad up Poma Lift with constant speed of =2/
5. Snow condition: Dry, hard-packed natural
sotw.

T _I__.IJ

N
(=]
o

-6|__ B —]
b= -1 .
cr - 4| Figure C23. File name: Field 4A.dat. Amtbicnt tem-
,_ —  perature: =9.5°C. Maximun speed: =6 m/fs. Run de-
ol o 3 —{ scription: Parallel dowon short, gentle incline with
i~ —1 load of =N/2. Snow comdition: Dry, packed natural
-9j— = snow.

SN S N I GU [T (N B N
0 20 40 6C 80 100
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Figure C24. File name: Field 4A dat (unsnoothed).
Ambient temperature: =9.5 °C. Maxinuon speed: =6
m/s. Run description Parallel down short, gentle
incline with loud of =NJ2. Snow condition: Dry,
packed naturat snow.

Temperature (°C)

Time (s}
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APPENDIX D: PLOTS GENERATED BY THE =
FINITE ELEMENT COMPUTER MODEL |

The transient response from 5 seconds to steady state for case 1. Parameters: Ambient temperature 7,
= -5°C; convection coefficient: 75 W/m? 0°C. The magnitude and location of the maximum and » inimum
temperatures are indicated to the right of the plot.
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Fiqure D1. Transient response at 5 seconds.
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Figure D2, Transient response at 10 seconds,
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Figure D3. Transient resvonse at 17 secands.
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Figure D4. Transient response at 27 seconds.
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Figure D5. Transient response at 57 seconds.
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Figure D6. Transient response at 127 scconds.
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Figure D8. Transicnt response at 377 scconds.
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Figure D9. Transient response at 577 seconds.
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Figure D10, Steady-state response.
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below.

Warren, G.C.

Thermal response of downhill skis / by Guy C. Warren, Samuel C. Colbeck and
Francis E. Kennedy. Hanover, N.H.: U.S. Army Cold Regions Research and En-
gineering Laboratory; Springfield, Va.: available from National Technical Infor-
mation Service, 1989.

iv, 43 p., illus., 28 cm. (CRREL Repo t 89-23.)

Bibliography: p. 21.

1. Friction. 2. Heat conduction. 3. Skis. 4. Snow. 1. Colbeck, Samuel C. II.
Kennedy, Francis E. III. United States Army. IV. Corps of Engineers. V. Cold Re-
gions Research and Engineering Laboratory. VI. Series: CRREL Report 89-23.




